Lamivudine is the first nucleoside analogue that was shown to have a potent effect on hepatitis B virus (HBV). However, the emergence of resistant or cross-resistant mutants to nucleos(t)ide analogues remains as a serious problem. Several assays for the detection and quantification of antiviral resistant mutants have been reported, but it has been difficult to measure the amounts of mutants accurately, especially when the target strain is minor in the mixed population. It has been shown that accurate measurement of a minor strain is difficult as long as matching reaction with a single probe was included in the assay. We developed a new method for quantification of lamivudine-resistant strains in a mixed virus population by real-time PCR using minor groove binder probes and peptide nucleic acids, and we achieved a wide and measurable range from 3 to 10 log 10 copies/ml and a high sensitivity with a discriminative limit of 0.01% to the predominant strain. The clinical significance of measuring substitutions of not only M204 but also L180 residues of HBV polymerase was demonstrated by this method. This assay increases the versatility of a sensitive method for the quantification of a single nucleotide mutation in a heterogeneous population. Woessner, R. Boehme, and L. Condreay. 2003. Prevalence and clinical correlates of YMDD variants during lamivudine therapy for patients with chronic hepatitis B. Clin.Infect. Dis. 36:687-696. 19. Latorra, D., K. Campbell, A. Wolter, and J. M. Hurley. 2003. Enhanced allele-specliflic PCR discriminationin SNP genotypling using 3 ' locked nucleic acid (LNA) primers. Hum. Mutat. 22:79-85.
Introduction
Chronic liver diseases due to hepatitis B virus (HBV) infection are still serious problems worldwide and many patients suffer from liver cirrhosis and hepatocellular carcinoma (2, 7, 21) . Nucleos(t)ide analogues have been introduced into the treatment of chronic hepatitis B, and inhibition of disease progression has been achieved (20). However, as several analogues have been developed and have come into wide use, the risk of the emergence of resistant or cross-resistant mutations is increasing. This is a serious problem, as it may lead to the virological and biochemical breakthroughs that result in the loss of therapeutic effects (18) .
Lamivudine is the first nucleoside analogue that was demonstrated to have a potent effect on HBV (8, 17) . The results of many studies on lamivudine-resistant mutants have been reported, and the impact of substitution from M204 to I204 or V204 as YMDD mutations was initially investigated (20) . Thereafter, the clinical significance of other regions of HBV polymerase was clarified. We reported the significance of dual mutations of the YMDD motif and LLAQ motif in which the L180 residue was included for the severity of breakthrough hepatitis (29) . Recently, substitution of the L180 residue has been noted as one of the most crucial changes for the emergence of entecavir-resistant mutants.
It is important to detect mutants as early as possible to confirm genotypic or phenotypic resistance followed by virological breakthrough and rebound. Several methods using polymerase chain reaction (PCR) or hybridization have been reported for the qualitative detection of antiviral-resistant mutants.
Some assays have been proposed as being sensitive methods for the quantitative measurement of mutant strains (33) , and we have reported a quantification assay using type-specific minor groove binder (MGB) probes (40) . However, we found that it was difficult to measure the amounts of mutants accurately, especially when the target strain was minor in the mixed population.
In this study, we developed a new sensitive assay for the quantification of hepatitis B virus mutants by introducing peptide nucleic acids (PNAs) to real-time PCR with MGB probes. PNAs are DNA mimics and bind to their complementary nucleic acid sequences with high specificity and have PCR clamping effects (30, 31) . We evaluated the efficacy of this assay and demonstrated the clinical significance of estimating the quantitative follow-up of dual mutants.
Materials and methods

2-1. Serum samples
HBs antigen-positive samples were obtained from chronic hepatitis B patients and stored at -20°C. DNA was extracted and purified from the serum by a spin column method using a QIAamp DNA Mini Kit (Qiagen, Hilden Germany) according to the manufacturer's instructions. The study was conducted with approval of our institute's Ethics Committee and written informed consent was obtained from all patients.
2-2. Construction of minor groove binder (MGB) probes
MGB probes for the YMDD motif were designed to hybridize with HBV containing rt204 in domain C of the polymerase region in order to be complementary to the wild type (rt204M) and mutant strains (rtM204I and rtM204V). For the YIDD motif, two kinds of MGB probes were prepared because of the different kinds of codons for the same amino acid: YIDD1 for codon ATC and YIDD2 for codon ATT. Sequences of primers and MGB probes used were as follows: forward primer, 5'-GGGCTTTCCCCCACTGTT-3'; reverse primer, 5'-AAAGGGACTCAAGATGTTGTACAGACT-3'; YMDD probe, 5'-CTTTCAGTTATATGGATGATGTG -3';  YIDD1  probe,  5'-CTTTCAGTTATATCGATGATGTGG-3';  YIDD2  probe,   5'-CTTTCAGTTATATTGATGATGTGG-3';  YVDD  probe,   5'-CTTTCAGTTATGTGGATGATGT-3'. MGB probes for the LLAQ motif (rt179-182) in domain B were also designed to be complementary to the wild type (rt180L) and a mutant (rtL180M). Sequences of primers and MGB probes used were: forward primer, 5'-CCTATGGGAGTGGGCCTC-3'; reverse primer, 5'-AACAGTGGGGGAAAGCCCT-3'; LLAQ probe, 5'-CTCCTGGCTCAGTTTA-3'; LMAQ probe, 5'-TTCTCATGGCTCAGTTTACTA-3'.
Those probes were purchased from Applied Biosystems Japan Ltd. (Tokyo, Japan).
2-3. Construction of PNAs
PNA was designed to exactly match the sequence of each MGB probe and was provided by Greiner Bio-One (Tokyo, Japan). Sequences of PNAs were as follows:
PNA-YMDD, 5'-GTTATATGGATGATGTG-3'; PNA-YIDD1, 5'-GTTATATCGATGATGTGG-3'; PNA-YIDD2, 5'-GTTATATTGATGATGTGG-3';
PNA-YVDD, 5'-AGTTATGTGGATGATGT-3'; PNA-LLAQ, 5'-TCCGTTTCTCCTGGCTC-3'; PNA-LLAQ, 5'-CCGTTTCTCATGGCTCA-3'.
2-4. Construction of HBV plasmids for the standard
HBV plasmids were prepared for construction of a standard for quantification. PCR products that contained both YMDD and LLAQ motifs obtained from HBV-positive patients were cloned and Escherichia coli X L-1 cells as competent cells were transformed by each of the mutant-specific DNA fragments. Finally, plasmid DNA corresponding to each MGB probe was constructed.
2-5. Real-time PCR
Real-time PCR with the MGB probe and PNAs was performed using an ABI Real-Time PCR System 7300 (Applied Biosystems, Foster City, CA, USA). A sample was measured with an MGB probe that is complementary to a target strain and with PNAs that are complementary to each strain of the motif except for the target one ( Fig. 1) .
The reaction was carried out in a final volume of 50 μl in each well of a plate containing The conditions of the PCR were as follows: 10 minutes at 95°C for the initial denaturation followed by 50 cycles at 95°C for 15 seconds for denaturation and 71°C for 1 minute for PNA annealing and 60°C for 1 minute for primer extension.
A TaqMan probe has a reporter dye and a non-fluorescent quencher at the 5'and 3' ends, respectively. The reporter dye emission is quenched when the probe remains intact. When an MGB probe hybridized with a complementary strain, the fluorescence of a reporter dye became detectable ( Fig.2a ).
When PCR was performed with a complementary PNA and a non-complementary MGB probe to the target nucleotide, the extension and amplification was blocked by the preferentially bound PNA (Fig. 2b ).
Real-time PCR was performed separately with each MGB probe and non-complementary
PNAs for all sets of target strains. After the exclusion of background signals by subtracting signals of early cycles of PCR, a threshold was set in the linearly increasing region of accruals of fluorescence signals. Then the threshold cycle (Ct) at which the signal reached the threshold was measured. The amount of the target strain was calculated from Ct number and a linear regression curve for standards of each strain ( Fig.3 ).
Results
3-1. Standard curve for the measurement of a single strand using an MGB probe
HBV plasmids that had been quantitatively adjusted beforehand were used for 10-fold serial dilution from 10 log 10 copies/ml to 1 log 10 copies/ml; from this, the standard curves were generated. A strong inverse correlation between the logarithmic concentration of samples and Ct values was obtained, and the linearity was confirmed within a wide range from 3 to 10 log 10 copies/ml.
3-2. Measurement of a target mutant in the mixed strains
The accuracy of quantification of a single HBV strain was determined in a mixture of multiple strains by real-time PCR with a type-specific MGB probe without PNA. HBV plasmids serially diluted 10-fold within a range of 10 log 10 copies/ml to 4 log 10 copies/ml were used for quantification and under the condition of coexistence of 6 log 10 copies/ml of another strain in the same motif. Correct measurement of the target strain was achieved when the target strain predominated over another strain in their concentration, and the measurement error was estimated to be less than twice the amount theoretically calculated. However, measurements were overestimated when the concentration of the target strain was lower than that of another strain ( Fig. 4 ).
3-3. Clamping effects of PNA on PCR
PNAs were introduced into the assay system to reduce quantitative errors due to mismatching of MGB probes. Beforehand, the clamping effects of PNAs were investigated to determine the concentration at which the non-complementary PNAs had a negative impact.
Six log 10 copies/ml of HBV plasmids were quantified together with the MGB probe and PNA that were complementary to the target strain. Delays in the Ct value by different concentrations of PNA were measured (Fig. 5 ). The delay correlated with PNA concentration, and a clamping effect of 1/100 to 1/1000 was observed when 100 pmol of PNA was used. When real-time PCR was performed with a complementary MGB probe and with all sets of the PNAs that are complementary to each strain in the same motif except for the target, a delay in the Ct value was observed; that was when there were high concentrations of non-complementary PNA. However, the delays were modest when the concentration of PNA was less than 100 pmol. The concentration of PNA for the assay was determined from this result.
3-4. Measurement using both MGB probes and PNA
For confirmation of the proper method of determination by this assay, the amount of HBV strain was measured in a mixture of two different strains of the same motif using a new method of real-time PCR with the MGB probe and PNA. At first, 10-fold diluted samples of target HBV plasmids from 9 log 10 copies/ml to 3 log 10 copies/ml were measured under the condition of coexistence of 3 log 10 copies/ml of another strain. There were no significant differences in the values of the target strain regardless of the presence of the mixed strain. Next, the amount of a minority strain was determined in presence of a predominant strain. A 10-fold serial dilution of target HBV plasmids ranging from 9 log 10 copies/ml to 3 log 10 copies/ml were measured under the condition of coexistence of 9 log 10 copies/ml of a counter strain. A linear correlation with the Ct values and sample concentrations was observed in the range from 9 log 10 copies/ml to 5 log 10 copies/ml.
However, a target strain less than 5 log 10 copies/ml could not be quantified accurately.
Therefore, the detection limit of a non-dominant strain was determined to be 0.01% of the predominant one ( Fig. 6 ).
3-5. A clinical case
The clinical and virological course of a case of breakthrough hepatitis after the emergence of lamivudine-resistant mutants is described below (Fig. 7a) . When we measured mutants against lamivudine by a direct sequencing method, changes in ALT and HBV DNA were thought to be related to the changes in mutant patterns over time. However, we could not predict the time or the severity of breakthrough hepatitis by this limited information, especially when HBV DNA loads did not change.
Precise examination of changes in HBV mutants was performed by real-time PCR with the MGB probe and PNA ( Fig. 7b ).
ALT levels were stable, whereas total levels of HBV DNA remained high. An LLAQ/YIDD strain was dominant in the earlier phase. Next, an LLAQ strain became measurable, and when an YVDD strain emerged and overcame the YIDD levels, breakthrough hepatitis occurred. This case is a good example that shoes the clinical significance of measuring the amounts of HBV mutants of not only the YMDD motif but also the LLAQ motif by this new assay.
Discussion
Inhibition of disease progression for patients with chronic HBV infection has been
achieved by treatment with nucleos(t)ide analogues (20). Treatment with these analogues has reduced not only the incidence of hepatic decompensation but also the risk of occurrence of hepatocellular carcinoma (27). The same effect on recurrence has also been reported (4) . However, the most serious issue is the emergence of viruses with resistance against nucleos(t)ide analogues, as this leads to the virological and biochemical breakthroughs. Therapeutic effects were lost in patients who developed the resistant mutations (18) .
From a resistance or a cross-resistance perspective, nucleos(t)ide analogues are classified into three groups based on their structural characteristics (35, There are several methods for hybridization-based genotyping: line probe assay (LiPA) (12, 37) , mixed hybridization-sequencing-PCR (mini-sequencing) (15) and oligonucleotide tip assay (13) . The sensitivity is 5 to 10% by LiPA and 2 to 10% by Several authors have reported similar sensitivity of 10% for the detection of minor variants (9, 11, 25) . Intra-experimental variability was reported to be 4.9% by Lole et al. and 1.0 to 2.2% depending on the type of mutants by our own evaluation (40) .
However, our study revealed that the accuracy of quantification was reduced in the case of measurements of minor strains in a mixed population. Therefore, we introduced peptic nucleic acids (PNAs) to be used in combination with the MGB probes.
PNAs are DNA mimics in which the deoxyribose phosphate backbone of DNA has been replaced by N-(2-aminoethyl) glycine linkages (30) . They recognize and bind to their complementary nucleic acid sequences with high thermal stability and specificity (31) . performed semiquantitative measurement of mutants using PNA (28) .
Under the condition of real-time PCR in our assay, one reaction cycle started at 95°C for denaturation and finished at 60°C for extension. The melting temperature (Tm) of PNA was designed to be 3°C higher than that of an MGB probe. Because of the gap in this temperature, PNA is expected to clamp a non-complementary strain first and then an MGB probe will hybridize to the target strand thereafter. As a result, the assay was able to achieve a significant reduction in mismatches. However, amplification delay was observed with an excessive amount of non-complementary PNA. No matter how well an assay is constructed, mismatches cannot be completely avoided as long as the reaction includes a matching process. However, it is thought that the actual measurement can be performed correctly by setting the appropriate concentration of the reaction mixture. As for the limit of detection, we showed that 0.01% of the minority strain could be measured by our assay. However, more robust analysis is required to determine the true analytical sensitivity by measuring a number of clinical samples.
This requires a precise knowledge of the sequence of the mutants prior to the determination with this assay; as such, it cannot be construed as a general method for the study of viral quasispecies where mutants and emerging mutants will have an unknown sequence. However, it seems ideally suited for the approach of measuring a known mutant virus such as HBV-resistant mutants against nucleos(t)ide analogues.
Although the risk of breakthrough hepatitis is thought to correlate with the duration of infection of mutant viruses (23), not only the duration but also the change in strains of the mutants is important for the occurrence of hepatitis. We reported that patterns of the YMDD motif / LLAQ motif often changed from YMDD/LLAQ to YIDD/LLAQ, YIDD/LMAQ and YVDD/LMAQ in that order and that the degree of liver damage increased as the mutation accumulated (29) . As demonstrated by the case presented in this report, breakthrough hepatitis seems to have a relationship with the specific type of mutants and the duration from emergence of a new mutant. The degree of viral increase after the emergence of dual mutations was smaller than that after emergence of the first mutation despite the fact that the level of liver dysfunction was higher with the latter mutation. This result suggested that breakthrough hepatitis closely correlated with The results of our clinical case showed a tendency similar to that of their evaluations and similar to the results of a recent molecular modeling study. Sharon et al. demonstrated that binding energy was significantly different between dCTP and 3TC in mutant HBV polymerases and that 3TC lost the binding affinity with the mutants in comparison to the n atural substrate dCTP (34) . L180 residues did not interact directly with 3TC, but the M180 mutant caused loosening of the hydrophobic pocket formed by the residues A87, F88, P177, L180 and M204. Consequently, dual mutations L180M+M204I or L180M+M204V were more likely to show steric clash between I204 or V204 and 3TC.
Despite the high risk of multi-drug resistance by lamivudine, it has been widely used mainly due to its low cost. Additive substitution of any residue of T184, S202 and M250 on M204V and L180M is necessary in the case of entecavir-resistant mutation. Therefore, it is important to observe the change of the L180 substitution prior to M204V emergence even for cases where a drug other than lamivudine has been administered.
In conclusion, we developed a new method for the accurate quantification of lamivudine-resistant strains in a mixed virus population. This is the first report on the combined use of an MGB probe and PNAs for the quantification of viral amounts using real-time PCR. This methodology should prove immensely useful to better understand the dynamics of the emergence of HBV-resistant mutants. Moreover, this assay has the versatility to be applied as a sensitive method for the quantification of a single nucleotide mutation in a heterogeneous population of not only viruses but also other nucleic acids. Gastroenterol. 11;508-510.
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